Five blue-green and one red algal species produced carbon monoxide during photosynthetic growth. The blue-green algae synthesized CO and phycocyanobilin in equimolar quantities at identical rates. The red alga, Porphyridium cruentum, incorporated z-aminolevulinic acid-5-14C into phycoerythrobilin and CO. The ratio of the specific radioactivity of phycoerythrobilin to that of CO, and the kinetics and stoichiometry of phycocyanobilin and CO formation suggest that linear tetrapyrroles in plants are derived by the porphyrin pathway via the intermediate formation of heme. The similarity between bile pigment production in algae and in mammalian systems is discussed.
Phycocyanobilin and phycoerythrobilin are linear tetrapyrroles covalently linked to apoproteins occurring in the photosynthetic apparatus of red, blue-green, and cryptomonad algae (17). These compounds are structurally related to bilirubin, the principal mammalian bile pigment derived from hemoglobin in senescent erythrocytes (1, 14, 18, 19) . It is known that CO is produced endogenously in normal man (24) , and that approximately 1 mole of CO is produced per mole of heme catabolized (2, 1 1). CO formation has been described in algae (6, 12, 15) , in fungi (23, 33) , and in higher plants (22, 34) . CO produced in the fungus, Aspergillus niger, has been shown to arise from the breakdown of rutin to phloroglucinol and protocatechuic acid (23) . Nevertheless, in most reports concerning algae and higher plants, the metabolic origin of CO has not been established. We have shown that in the green algae, Cyanidium caldarium, CO is a by-product of phycocyanobilin formation (31) . The present paper describes some quantitative and kinetic parameters of CO and bile pigment formation in five species of blue-green algae and in the red alga, Porphyridium cruentum.
MATERIALS AND METHODS
Organisms. Anacystis nidulans, Plectonema boryanum, Nostoc muscorum, Synechococcus cedrorum, and Phormidium luridum, were obtained from the Indiana University Culture Collection. The predominant accessory photosynthetic pigment in these organisms is phycocyanin. Porphyridium cruentum was kindly supplied by Dr Experimental Conditions. Cells of the blue-green algal species were grown at 25 C in 20 liters of nutrient medium (9) in polyethylene carboys illuminated with a bank of fluorescent lights (General Electric, power groove, F17PG17, CW). During the illumination periods, 2 liters of air were cycled continuously through the cell suspensions from a gas reservoir with a Masterflex pump (Cole Parmer Instrument Co., Chicago). At intervals, measurements of CO accumulating in the gas reservoir and of phycocyanobilin produced in the algal cells were made as described below. Chlorophyll a was estimated as described previously (28) .
Experiments with P. cruentum were performed under similar conditions, except that the cells were grown in artificial sea water medium (8) Shibata (21) on a Beckman DB-GT recording spectrophotometer. It was assumed that the value for E cm for phycocyanin in each of the blue-green algae was 7.74 at 620 nm (30) , that the extinction of phycocyanin in vivo and in vitro was essentially the same (28) , and that phycocyanobilin constituted 3.6% of phycocyanin by weight (30) . It has been established that the molecular weight of phycocyanobilin is 586 (4, 5 Labeled CO evolved by P. cruentum cells administered ALA-5-"C was measured on a train apparatus consisting of Q the following components connected in series (32): (a) Baral-$ yme granules (National Cylinder Gas, Chicago), (b) Ascarite (Arthur Thomas, Philadelphia), (c) an alkali test trap to check for incomplete CO, removal, (d) Hopcalite catalyst (Mine Safety Appliance, Pittsburgh) to convert "CO to "CO2, and (e) a series of alkali traps to collect "CO2 derived from labeled CO. Derived "CO2 was quantitated by manual titration of residual alkali to pH 8.5 with 1 N HCl on a Radiometer pH meter with a GK 2303C combined glass electrode. After titration, derived bicarbonate-"C was driven from solution by acidification with 2 N H2SO,, collected in 5 ml of ethanolamine-methoxyethanol (2: 1), and counted in 15 
RESULTS
Cells of A. nidulans, P. boryanum, N. muscorum, S. cedrorum, and P. luridum synthesized chlorophyll a and phycocyanobilin during illumination for 48 hr in the carboy-reservoirpump assembly (Table I) . While reference is made here and below to phycocyanobilin produced in blue-green algal cells, it should be pointed out that the bile pigment is covalently linked to phycocyanin apoprotein and is not present as protein-free chromophore diacid. The formation of photosynthetic pigments in cells of each species occurred concomitantly with cell division. The molar ratio of chlorophyll a to phycocyanobilin ranged from approximately 1.2 in cells of P. luridum to 2.1 in cells of A. nidulans (Table 1) . This observation is consistent with another report on the ratio of chlorophyll a to phycocyanobilin in A. nidulans (16) and seems to reflect an equilibrium between the end products of the porphyrin pathway toward formation of the respective pigments. The variations between the ratio of chlorophyll a to phycocyanobilin in the cells of each species may be a genetically de- A novel feature of phycocyanobilin formation in each of the species of blue-green algae employed, was the evolution of an equimolar quantity of CO (Table I ). The 1:1 molar ratio between CO and phycocyanobilin production in these organisms is illustrated in Figure 1 . The plots of chlorophyll a synthesis have been omitted, although this pigment was produced in each strain in these experiments. Blue-green algal cells failed to make phycocyanobilin and CO when transferred to darkness from the light. When cells of each species were placed in the dark, and the suspending medium was made millimolar with potassium ferricyanide, the release of additional CO could not be detected after subsequent incubation in darkness. This showed that intracellular hemoproteins, or other CO-binding compounds which may have been present in the algal cells, had not interfered with CO movement from the cells to the gas reservoir. Had intercellular trapping of CO occurred, the quantitative relationship between CO evolved and phycocyanobilin synthesized in the algal cells would have been obscured, and the apparent values obtained for CO produced would not have been a measure of total gas formation. Control crulentum phycoerythrobilin and CO, cells were incubated with ALA-5-14C in the light as above. Synthesis of phycoerythrobilin was followed spectrophotometrically and "CO was quantitated on the train apparatus as "derived 14CO2." After an illumination period of 48 hr, phycoerythrin was prepared from sonicated cells by the butanol extraction procedure (13) , and phycoerythrobilin split from apoprotein by methanol reflux was methylated, purified, estimated spectrally, and counted.
Under the experimental conditions, P. cruenturnz cells produced 12 ,umoles of phycoerythrobilin and CO (Table II; experiment II). A total of 4000 dpm from ALA-5-"C was detected in CO, and the specific radioactivity of CO was 333 The numbers in parentheses are total incorporation into-and the specific activity of-phycoerythrobilin which have been divided by 7 so that they may be compared directly to the corresponding values (uncorrected) for CO. dpm/,umole. Total incorporation of labeled ALA into phycoerythrobilin was 31,200 dpm, and the specific radioactivity of this linear tetrapyrrole was 2580 dpm/,umole (Table II; experiment II) . These data show that the specific radioactivity of phycoerythrobilin was approximately seven times greater than that of CO evolved by cells of P. cruentuin.
DISCUSSION
The present results have shown that CO is a by-product of bile pigment formation in five species of blue-green algae and in one species of red algae ( Table I ). The kinetics of CO and phycocyanobilin formation and the 1: 1 molar ratio observed between these compounds suggests that they arose from a common intracellular intermediate (Table I ; Figure 1 ). The incorporation of the heme precursor, ALA-5-"C, into phycoerythrobilin and CO in cells of P. cruentum suggests that the phycoerythrin prosthetic group is derived via the porphyrin pathway. The ratio of the specific radioactivity of phycoerythrobilin to that of CO synthesized from ALA in P. cruentum cells is what would be predicted if these compounds arose directly from the protoporphyrin IX skeleton of a metalloporphyrin precursor (Table II ; experiment II). This conclusion is consistent with the data on specific radioactivity ratios of phycocyanobilin and CO made from ALA-5-4C in cells of the green alga, Cyanidium caldarium (31) . It has been observed that metal-free protoporphyrin IX is converted slowly and inefficiently to bile pigment in mammals (7) , in contrast to hemoglobin or hematin which are rapidly and quantitatively converted to CO and bilirubin in vivo (2, 11) and in vitro (26, 27) . This suggests that phycocyanobilin and phycoerythrobilin may also arise from catabolism of a metalloporphyrin precursor rather than from metal-free protoporphyrin IX.
The data in Tables I and II and in Figure 1 show that synthesis of prosthetic groups in algal biliproteins bears a striking resemblance to mammalian bile pigment formation due to in vivo hemoglobin catabolism by microsomal heme oxygenase (26, 27) . Microsomal heme oxygenase contains cytochrome P-450 as the terminal oxidase which mediates the insertion of molecular oxygen into heme during removal of the a-methyne bridge carbon from the ferriprotoporphyrin IX ring. Furthermore, phycocyanobilin, phycoerythrobilin, and bilirubin are IX a isomers (3) (4) (5) 20) at the end of the illumination period (Figure 1 ). This corresponds to 0.44 p.mole/hr or 0.018 ,umole/gm-hr of phycocyanobilin and CO produced. Assuming that the spleen in rats constitutes 0.29 g/ 100 g of body weight, the activity of microsomal heme oxygenase would be 0.004 ,umole/gm hr (25, 26) . Thus, the activity of the rate-limiting step in phycocyanobilin synthesis in A. nidulans is more than four times greater than the activity of microsomal heme oxygenase in spleen, which is present in excess of that needed to satisfv the kinetic requirements for hemoglobin turnover (26, 27) . However. phyco-cyanin can constitute up to 40% of the total cell protein in A. nidulans cells, and under the experimental conditions, all of the cells were presumably dividing (16) . Since the latter condition is not characteristic of the spleen and the relative quantity of porphyrin derivatives, e.g., chlorophyll a and phycocyanobilin, is higher in algal cells than heme in mammalian organs, it is not surprising that biliprotein formation occurs more rapidly in algae than heme is catabolized in mammals.
It has been shown that the CO evolved by cells of the alga, C. caldarium, was a by-product of phycocyanobilin formation (31) . However, the origin of CO produced by other algae and by higher plants has yet to be established. Langdon (12) showed that CO constituted 1 to 12% of the gas in the pneumatocysts of the giant kelp, Nereocystis luetkeana. Loewus and Delwiche (15) described CO formation from a polyphenolic compound extracted from the brown alga, Egregia menzies. Gafford and Craft (6) found that CO accumulated in a photosynthetic gas exchanger containing A. nidulans, which normally makes phycocyanin. Although CO production in N. luetkeana and E. menzies cannot be ascribed to synthesis of linear tetrapyrroles, because these organisms do not make phycocyanin or phycoerythrin, the present results suggest that CO in the gas phase of A. nidulans cultures might be attributed to the formation of phycocyanobilin.
Finally, the prosthetic group of phytochrome in higher plants is structurally related to phycocyanobilin (10) . While it seems likely that CO is also a by-product of cyclic tetrapyrrole cleavage during synthesis of the phytochrome prosthetic group, the low levels of this chromoprotein present in plant tissues would probably preclude CO detection by the titrimetric method used in the present work (32) .
LITERATURE CITED
